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Bacillus anthracisMicroarrays to characterize single nucleotide polymorphisms (SNPs) provide a cost-effective and rapid method
(under 24 h) to genotype microbes as an alternative to sequencing. We developed a pipeline for SNP discovery
andmicroarray design that scales to 100's of microbial genomes. Here we tested various SNP probe design strat-
egies against 8 sequenced isolates of Bacillus anthracis to compare sequence and microarray data. The best strat-
egy allowed probe length to varywithin 32–40 bp to equalize hybridization free energy. This strategy resulted in
a call rate of 99.52% and concordance rate of 99.86% for ﬁnished genomes. Other probe design strategies averaged
substantially lower call rates (94.65–96.41%) and slightly lower concordance rates (99.64–99.80%). These rates
were lower for draft than ﬁnished genomes, consistent with higher incidence of sequencing errors and gaps.
Highly accurate SNP calls were possible in complex soil and blood backgrounds down to 1000 copies, and mod-
erately accurate SNP calls down to 100 spiked copies. The closest genome to the spiked strain was correctly iden-
tiﬁed at only 10 spiked copies. Discrepancies between sequence and array data did not alter the SNP-based
phylogeny, regardless of the probe design strategy, indicating that SNP arrays can accurately place unsequenced
isolates on a phylogeny.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
DNAmicroarrays are a nucleic acid detection technologywhere hun-
dreds to thousands of DNA oligos representing unique genomic se-
quences can be printed in a single glass slide. DNA microarrays have
been applied to a variety of research areas including analysis of expres-
sion levels of a large number of genes (Loven et al., 2012), detection of
all sequenced viruses and bacteria (Gardner et al., 2010; McLoughlin,
2011; Palacios et al., 2007; Wang et al., 2002), genotyping multiple re-
gions of a genome (Hacia et al., 1999), and DNA-protein interactions
(Buck and Lieb, 2004). Single nucleotide polymorphism (SNP) microar-
rays provide a cost-effective and rapid method to genotype microbes as
an alternative to sequencing. When compared to other genotyping as-
says such as multi-locus variable number tandem repeat analysis
(MLVA) or multi-locus sequence typing (MLST), SNP arrays detect SNP
variations across whole genome sequences and provide a much higher
resolution than detecting a few conserved genes as in the case of
MLST, and a selected number of tandem repeats as in the case of
MLVA.(Keim et al., 2000; Okinaka et al., 2011).1 925 422 6736.
. Open access under CC BY-NC-SA licenWhile sequencing provides themost in depth information to charac-
terize a microbial genome, the costs, labor, and time associated with li-
brary preparation, sequencing, bioinformatic analysis, and data storage
may be prohibitive when analyzing many isolates in a standard labora-
tory setting. For complex samples, most sequencing reads may repre-
sent background with only a small fraction covering SNPs in the target
microbe, thus requiring deep coverage for adequate genotyping. SNP ar-
rays can ﬁll a niche to strain type uncharacterized isolateswithin 24 h at
a fraction of the cost, time, and labor for full genome sequencing. Appli-
cations of SNP array genotyping include characterizing strain collec-
tions, subtyping, determining alleles in progeny during selection
experiments, outbreak/source tracing, down selection of a subset of
samples for sequencing, and identifying SNPs correlated with drug re-
sistance or virulence in large scale epidemiology studies. SNP arrays
have been used for rapid sample characterization of complex clinical
samples without culturing to determine SNPs which correlate with re-
sistance and pathogenicity.(Peter et al., 2012) Array results can be
obtained weeks before those from culturing and sequencing. To facili-
tate SNP characterization of microbes, we have developed a pipeline
for SNP discovery and microarray design that scales to 100's–1000's of
microbial genomes.(Gardner and Slezak, 2010) Here we compare alter-
native probe design strategies to optimize SNP call rates and accuracy,
using B. anthracis as the test organism.
Custom arrays from a maskless synthesis process have been invalu-
able in our research to prototype arrays and do small scale projects
which do not require the large initial investment in masks, as requiredse.
Fig. 1. Probe length distribution for strategy 1 (k25mer_ISOdG).
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the process described here to characterize thousands of SNP loci for
a number of pathogenic bacteria and viruses, such as Burkholderia
pseudomallei and Venezuelan equine encephalitis virus. Others have
demonstrated the utility of SNPs arrays in the clinicwith lowdensity cus-
tomSNP arrays for rapidmicrobial genotyping and culture-free detection
of resistance mutations for Klebsiella pneumonia carbapenemases (Peter
et al., 2012) and Enterobacteriaceae extended-spectrum β-lactamases
(Cohen Stuart et al., 2010).
In previous work (unpublished) we found several features of probe
design which inﬂuenced the accuracy of SNP calls. First, probes shorter
than 32-mers had high false negative rates of 35% or higher. We also
found that predicted hybridization free energy (ΔG) from nearest
neighbor thermodynamic calculations was a better predictor of hybrid-
ization than melting temperature. Preliminary work also suggested a
trend for better allele discrimination when the position of the SNP
was approximately 13 bases from the 5′ end of the probe, although
this pattern was less distinct. As with Affymetrix SNP arrays (Yang
et al., 2009), we require the same constraint that there should be no
other known SNPs in the ±12 bp ﬂanking sequence when we predict
SNPs with k = 25 using kSNP(Gardner and Slezak, 2010). Therefore,
our standard approach has been to extend the 25-mers at the 5′ end
into 32–40-mer probes, allowing length variation to equalize hybridiza-
tion free energy (ΔG), to cover all sequence variants beyond the con-
served SNP context, and keeping the SNP at a distance of 13 bases from
the surface of the array. Early experiments using Roche NimbleGen™ ar-
rays (unpublished reports for sponsors) indicated these strategies pro-
vided good allele discrimination. However, free energy predictions and
sequence extraction fromeach genomeoutside of theﬂanking conserved
SNP context are time-consuming bottlenecks in probe design, particular-
ly when there are large bacterial genome targets. It is also possible that
sequence variation in the probe outside the ﬂanking±12 bpmake allele
calls by microarray more difﬁcult, so that kSNP analysis with k above
the minimum probe length could be more suitable for genotyping by
microarrays.
Therefore, we tested several faster probe design alternatives to de-
termine optimal length, the importance of equalizing free energy, and
SNP position within the probe. These involved using kSNPs identiﬁed
with k from 33 to 39, uniform length versus shortened length to reduce
the strength of tightly binding sequences, and positioning the SNP at a
ﬁxed distance from the array attachment versus the center of the
probe. There are advantages to using a probe length no more than the
k-mer size, since no more than 4 probes per biallelic locus streamline
probe design and analysis.
In this study, we chose B. anthracis as the bacterial species to evalu-
ate themost effective SNP probe design strategy. B. anthracis represents
perhaps the most genetically homogenous known bacterial species
B. anthracis.(Rao et al., 2010) Individual strains of B. anthracis share a
tremendous degree of similarity. Whole genome SNP based genotyping
approach is extremely important for forensic analysis of this bacteria
species, for obvious reasons based on past usage in biocrime events.
We testedDNAextracted frompure cultures, aswell as spiked into com-
plex blood and soil backgrounds at concentrations of 10–10,000 copies
per array hybridization.
2. Methods
2.1. SNP identiﬁcation
For SNP identiﬁcation, we used 33 ﬁnished and draft B. anthracis ge-
nomes obtained from NCBI, J. Craig Venter Institute and proprietary
unpublished genomes from collaborators. To this set of genomes, we ap-
plied the kSNP software (http://sourceforge.net/projects/ksnp/).(Gardner
and Slezak, 2010) This is an alignment-free method based on k-mer
(oligos of length k) analyses. A SNP locus is deﬁned by the sequence con-
text of length k surrounding the SNP (k−1)/2 bases on either side of theSNP with a variant SNP allele at the central base. This representation of a
SNP locus is based on surrounding sequence information rather than po-
sitional information in a genome. It differs from traditional alignment-
based concepts of a SNP locus, and it allows SNP ﬁnding in unassembled
or partially assembled draft genomes inwhich positional information rel-
ative to the complete genome is not known, aswell as in highly divergent
and poorly alignable regions, and avoids limiting SNP loci to those present
in a reference sequence. We have run kSNP on data sets of over 200 bac-
terial genomes, many in unassembled reads.
To improve accuracy, memory efﬁciency, and speed, we made some
modiﬁcations from the published kSNP software: 1) previously, k-mers
were enumerated with sufﬁx arrays, and now we use a faster, more
memory efﬁcient hash table implementationwith the Jellyﬁsh software
(Marcais and Kingsford, 2011); 2) SNP ﬁnding and calling alleles in each
genomewere previously performed with blastn (Camacho et al., 2009),
but are now accomplished more rapidly by parsing the k-mer output
from Jellyﬁsh for each genome; 3) SNP positions are found using
MUMmer (Kurtz et al., 2004) instead of the blastn output; 4) trees are
now rooted by selecting the root that maximizes the number of SNP al-
leles that map to nodes of the tree. SNP analysis was performed with
k = 25, 33, 37, and 39.
2.2. Probe design
Probes were designed using 7 alternative techniques to examine the
effect ofﬁxed probe length versus length variation to equalize free ener-
gy, which we call ISOdG probes, to the extent possible within length
constraints, as well as the distance of the SNP from the 5′ end of the
probe (opposite the end attached to the array surface). In all cases,
probes were designed for both the plus and minus strands. Only alleles
found in sequenced strainswere represented. Code for probe designwill
be available as part of kSNP (http://sourceforge.net/projects/ksnp/).
The 7 alternative design strategies were the following (Table 1):
1) k25mer_ISOdG: run kSNP with k = 25, then probes were designed
by extracting 15 bases to the 3′ end of the 25-mer on both plus
and minus strands in each genome with the locus for a 40-mer
region containing the SNP locus at the 5′ end. Probe length was
then reduced from the 3′ end until reaching a ΔG of no less than
−43 kcal/mol (Unafold software) (Markham and Zuker, 2008) or
a minimum length of 32 bases. This ΔG threshold was determined
in preliminary experiments to favor both allele discrimination (not
too sticky) and low false negative rates (not sticky enough). For
AT-rich B. anthracis, most probes fell at the long end of the range
(Fig. 1) with mean probe length of 37.98 and median length of 39
bases, although probe lengths spanned the full length of the range.
All sequence variants in the area beyond the conserved 25-mer
were included. SNP alleles were at the 13th position from 5′ end
of the probe. F (forward strand) and R (reverse strand) probes
305S.N. Gardner et al. / Journal of Microbiological Methods 94 (2013) 303–310are asymmetrical with respect to the SNP, but the SNP is always
the 13th base from the 5′ end of the probe. (32–40, ISOdG,
asymmetrical)
2) 33mer: run kSNP with k = 33, and use the kSNP loci as probe se-
quences of length 33. The SNP is at the 17th (central) base and F
and R probes are reverse complements of one another, symmetrical
with the SNP at the center. (33, Uniform, symmetrical)
3) 37mer: run kSNP with k = 37, and use the kSNP loci as probe se-
quences of length 37, with SNPs at the 19th base in the center of
the probe. (37, Uniform, symmetrical)
4) 37mer_trim5PendBy5: trim theﬁrst 5 bases at the 5 primeendof the
37-mer probes designed in method 3), so the SNP is at the 14th po-
sition from the 5′ end and probes are 32 bases long. F and R probes
are non-symmetrical with respect to the SNP, not at the center of
the probe. (32, Uniform, asymmetrical)
5) 37merISOdG: depending on ΔG, trim 37-mer probes in method 3)
with ΔG b −43 kcal/mol symmetrically from both ends (1 base
from both ends) so that the SNP stays at the center of the probe,
until the ΔG ≥ −43 or the probe is no less than 33 bases long.
Probe size will vary: 33-mer, 35-mer, or 37-mer, to equalize ΔG
within the bounds of these lengths. F and R probes are symmetric
with respect to SNP position, which is always at the center of the
probe. But since probes have different lengths, the distance of the
SNP from the 5′ end will vary. (33–37, ISOdG, symmetrical)
6) 39mer: run kSNP with k = 39, and use the kSNP loci as probe se-
quences of length 39, with SNPs at the 20th base in the center of
the probe. (39, Uniform, symmetrical)
7) 39merISOdG: depending on ΔG, trim 39-mer probes with
dG b −43 kcal/mol symmetrically from both ends (1 base
from both ends) so that the SNP stays at the center of the
probe, until the dG ≥ −43 or the probe is no less than 33
bases long. Probe size will vary: 33-mer, 35-mer, 37-mer, or
39-mer to equalize ΔG within the bounds of these lengths. F
and R probes are symmetric with respect to SNP position,
which is always at the center of the probe. But since probes
have different lengths, the distance of the SNP from the 5′ end
will vary. (33–39, ISOdG, symmetrical)
After removing duplicates among the probe design strategies, there
were a total of 115,264 unique probe sequences for 5802 loci.94.00%
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Fig. 2. Overall concordance between SNP array calls and genome sequences by strain, replicat
called SNPs.Approximately 2% of the probes were replicated, but most probes
were present only once. We used the Roche Nimblegen™ 12×135K
array format. 4468 random control probes were included as negative
controls, with random sequence length and GC% matched to the SNP
probes.
2.3. SNP microarray experiments
For each sample, 500 ng of sonicated genomic B. anthracis DNAwas
ﬂuorescently labeled using the NimbleGen One-Color DNA Labeling Kit
(Roche) according to the manufacturer's recommended protocols. La-
beled DNA was puriﬁed and 3 μg of each labeled DNA was hybridized
to a 12plex 135 K microarray in triplicate using the NimbleGen hybrid-
ization kit. For replicates, one labeling reaction was performed for each
of the 8 strains, and labeledmaterial was split into three aliquots which
were each randomly assigned to a sub-array of one of two 12-plex array
slides (24 subarrays total). Thus, each replicate for each strain came
from the same labeling reaction. Samples were allowed to hybridize
for 40 h andwashed using the NimbleGenWash Buffer Kit (Roche). Mi-
croarrays were scanned on the 2 μm MS 200 Microarray Scanner
(Roche). Image ﬁles were aligned using NimbleScan (Version 2.4) soft-
ware, and pair text ﬁles were exported for data analysis.
To test the capability of this SNP chip to make SNP calls in complex
samples, B. anthracis was spiked at 10–10,000 copies into 1 ng of soil
or blood. Soil was collected in the downtown area of San Francisco,
CA. DNAwas extracted from soil using the UltraClean Soil DNA Isolation
Kit (MoBio) using themanufacturer's alternative protocol formaximum
yield. DNA concentration was measured using a Qubit ﬂuorometer
(Invitrogen). Following extraction, 1 ng of each extracted DNA was
used in a real-time PCR assay to test for inhibition. All samples showed
a high level of PCR inhibition and were reprocessed starting from Step
12 of the MoBio alternative protocol, intended to remove excess
humic acid. After the additional processing, lack of inhibition was con-
ﬁrmed by real-time PCR. Extracted total nucleic acid from a human
blood sample was received from a collaborator from a separate study.
B. anthracis spiked soil and blood samples were then randomly am-
pliﬁed using the Qiagen RepliG kit. Samples spiked at 10,000 copies
were also tested directly on the array without random ampliﬁcation.
Replicates of the spike in experiments were not performed since it
was not possible to obtain additional microarrays.Am
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Fig. 3. As in Fig. 2, the concordance between SNP array calls and genome sequences, but not counting loci miscalled by all probe design strategies, to avoid including SNPs likely to be se-
quencing errors or differences between our samples and genomes in the database.
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Fig. 5. Call rates, or the percentage of loci in the genome that were called by the array. Probe design strategy had a large effect on call rates.
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Fig. 6. Phylogenetic tree of genomic sequences based on maximum likelihood of all SNP
loci. The number of branch-speciﬁc alleles are shown in blue at each node, and thenumber
of genome speciﬁc alleles are shown in brackets after each genome name. The genomes
tested on the array are shown in red.
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There was some overlap between the probe sets, since some se-
quences were selected by multiple strategies. Alleles in the genome se-
quences for the 8 strains tested were determined directly from the
probe sequences by using Vmatch (Abouelhouda et al., 2004) to search
for each 25 base SNP locus context, and extracting the center base from
the match string. If the SNP context was absent from a genome orTree from SNPs in reported genomes
Tree from SNP array, asreported by any
Fig. 7. SNP tree for just the subset of genomes tested on the array. All the trees based on allele
sequence data. Shown is the tree from the probe design strategy with the highest discrepancy r
design method resulted in an identical phylogeny to that based on genome sequence data. Repoccurred multiple times but with different center bases, it was not in-
cluded in the analysis for that genome. Allele calls from the array were
determined by selecting the allelewith the highest average intensity av-
eraged across the plus and minus strand probes. If the plus and minus
probes made conﬂicting allele calls, no allele was called.
The overall concordance rate (Fig. 2) was calculated as the percent-
age of calls matching the genome: (loci in genome - loci incorrectly
called - loci called but not present in genome)/loci in genome x 100,
so loci for which the array did not make a call were not counted as mis-
calls in the concordance rate calculation.
There was wide variation in concordance between draft genomes
and probe design strategies, but among replicate arrays for the same
strain, the mismatch rates were consistent. This suggested that the var-
iation was likely due to errors in the genome sequence data. To correct
for this, for each array, loci were eliminated for which probes from all 7
strategies gave calls that deviated from the reference, as these were
most likely due to sequence errors rather than array miscalls. While
there could have been other effects that caused certain loci to be consis-
tently miscalled, the fact that we did not see this effect in the ﬁnished
genomes argues against this possibility. Moreover, our goalwas to com-
pare the different strategies, not to infer absolute error rates. So we
computed mismatch rates after eliminating loci for which probes from
all 7 strategies gave calls that deviated from the reference genome.
This was done by dividing the number of calls matching the reference
by the total number of calls for that array. We show the percentage of
correct calls in Fig. 3. Note that these are expressed as a percentage of
the calls made by the array, not as the number of loci in the genome
as in Fig. 2.
We calculated the percentage of loci missing from the genome and
called by the array (loci not present in genome and called by array/loci
not present in genome) × 100 (Fig. 4), as well as the reverse, that is,
the percentage of loci present in the genome but that were not called
by the array (Fig. 5).
SNP phylogenies (Figs. 6–7) were calculated based on maximum
likelihood of the SNP alleles using FastTree version 2.(Price et al., 2010).
Allele calls from all experiments are provided as supplementary
data. Array data is in the GEO database. probe design strategy
calls from the array results were identical, and matched that based on SNPs from genome
ate from reported genomes (37mer_trim5PendBy5), showing that even the poorest probe
licates are indicated by _1, _2, and _3 in the strain name.
Table 1
Summary of SNP loci and probe counts for the various design methods.
# SNP loci # probes Method
5745 23580 k25mer_ISOdG 1 (32–40, ISOdG, asymmetrical)
5538 22157 33mer 2 (33, Uniform, symmetrical)
5470 21885 37mer 3 (37, Uniform, symmetrical)
5470 21885 37mer_trim5PendBy5 4 (32, Uniform, asymmetrical)
5470 21885 37merISOdG 5 (33–37, ISOdG, symmetrical)
5436 21749 39mer 6 (39, Uniform, symmetrical)
5436 21749 39merISOdG 7 (33–39, ISOdG, symmetrical) 0.0%
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Fig. 8. SNP miscall rates by number of copies of B. anthracis Sterne spiked into blood and
soil backgrounds, by probe design strategy. Miscall rates fell below 1% for 1000 copies
and above for both blood and soil. The shorter probe design strategies (33mer and
37mer_trim5PendBy5) had higher miscall rates, while the other strategies with longer
probes were similar.
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Concordance rates over all loci for ﬁnished genomes averaged
99.31–99.48% for the various probe design strategies (Fig. 2). Draft ge-
nomes had substantially lower concordance rates, averaging 95.54%
across design strategies. After eliminating loci in which probes from
all 7 strategies gave calls that deviated from the genome, which we in-
terpret as a signal that the genome probably reported an erroneous
allele, percentages of correctly called loci were slightly higher for ﬁn-
ished genomes, averaging 99.86%, and substantially higher for draft ge-
nomes, averaging 99.53% (for the k25mer_ISOdG strategy, Fig. 3).
Based on the results in Fig. 3, our best estimates of correct allele
call rates, the k25mer_ISOdG strategy resulted in the highest percentage
of correct calls. Second best strategy was probes of uniformly 39
bases, overall the longest probe length. The poorest design strategies,
resulting in the lowest average concordance rates, were 33mer and
37mer_trim5PendBy5, which also were the strategies with the shortest
probes.
Results are very similar between replicates of a given strain (Fig. 3).
Finished genomes Ames, Ames Ancestor, and Sterne have the highest
percentage of correctly called alleles, followed by A0193 which had
the lowest coverage of draft genomes for which coverage information
could be found (Table 2). A0442 has the lowest percentage of correct
calls, despite that it had higher coverage than A0193 and could be as-
sembled into the fewest contigs of the draft genomes.
The percentage of loci that could be called by the array but were not
present in the genome was substantially higher for draft than for ﬁn-
ished genomes (Fig. 4), likely due to gaps in the draft sequences. This
demonstrates that the array could detect more alleles than high quality
assembled draft sequence, such that over a third of those absent from a
given draft genomewere detectable on the array. The effect in draft ge-
nomes was slightly stronger for the k25mer_ISOdG probes, indicating
that this probe design strategy has the highest sensitivity.
The opposite, the SNP call rate (Fig. 5), or the percentage of SNPs pres-
ent in the genome and called by the array, was only slightly higher for
draft than for ﬁnished genomes, but the effect of probe design strategy
was dramatic: k25mer_ISOdG called almost 5% more SNP loci than the
other strategies. Call rates were slightly lower for strategies with longer
probes, although the calls made by the longer probes were more likely
to be correct, with the exception of the k25mer_ISOdG strategy whichTable 2
Sequence quality information for B. anthracis strains tested on array, from information provide
Genome Source Quality
A0174 draft JCVI 2008 Level 2: High-quality draft
A0193 draft JCVI 2008 Level 2: High-quality draft
A0442 draft JCVI 2008 Level 2: High-quality draft
A0465 draft JCVI 2008 Level 2: High-quality draft
A0488 draft JCVI 2008 Level 2: High-quality draft
Ames ref|NC_003997.3 Level 6: Finished
AmesAncestor ref|NC_007530.2 Level 6: Finished
Sterne ref|NC_005945.1 Level 6: Finished
NA = not available.both called the most alleles, 99.52% for ﬁnished genomes, and had the
highest rate of correct calls. The secondhighest call ratewas for uniform
33mer probes, but this also resulted in one of the lower call accuracy
rates.
Of the genome-speciﬁc alleles inwhich only a single genome among
the set of 33 genomes had that allele at a locus, only 1 in A0488 was
miscalled by the 33mer and various 37mer strategies. There were too
few genome speciﬁc alleles, shown in brackets after the strain name
in Fig. 6, so based on error rates of less than 0.5%, we do not expect to
see any miscalls in that subset of loci. There was no signiﬁcant dif-
ference in the GC% of miscalled alleles by design strategy (p = 0.12,
ANOVA).
Visualizing a tree with only the genomes we hybridized to the array
(Fig. 7) simpliﬁes the comparison of SNP phylogeny between genome
and array data. Regardless of the probe design strategy, SNP microarray
results give an identical phylogeny to that based on SNPs from the ge-
nome sequences.
From the spike in data, miscall rates dropped below 1% for 1000
spiked copies and above, and were 4–7% at 100 copies. The soil back-
ground resulted in slightly lower miscall rates than the blood back-
ground (Fig. 8, Table 3). For example, at 100 copies the miscall rate
was 4.2% in blood and only 1.3% in soil. Slightly lower miscall rates in
the ampliﬁed samples were not signiﬁcantly different from miscall
rates for the unampliﬁed samples at the same spike in level. The
k25mer_ISOdG strategy called about 200 more SNPs (~5% more) than
any of the other strategies and had miscall rates similar to or lower
than the other strategies, as observed in the pure isolate experiments,
demonstrating that this strategy is also superior to the others ind by the GOLD Genomes Online Database (http://genomesonline.org).
Coverage Depth Contigs Sequencing Method
11x 60 NA
7x 60 NA
9x 46 Sanger
NA 57 Sanger
NA 63 Sanger
13x 1 NA
11.5x 1 NA
16x 1 454
Table 3
Miscall percentages between microarray results and genome sequence
of the Sterne strain spiked into soil and blood backgrounds at a copy
numbers ranging from 0–10,000 genome copies.
Spike in copies Miscall %
Blood_0_copy 49.2%
Blood_10_copy 26.6%
Blood_100_copy 4.2%
Blood_1000_copy 0.7%
Blood_10000_copy 0.8%
Blood_10000_copy_unamp 1.1%
Soil_0_copy 51.1%
Soil_10_copy 7.5%
Soil_100_copy 1.3%
Soil_1000_copy 0.6%
Soil_10000_copy 0.5%
Soil_10000_copy_unamp 0.6%
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sults from k25mer_ISOdG probes and genome sequences, the Sterne
strain was correctly identiﬁed as the closest strain with as few as 10
spiked copies (Fig. 9A,B), differing from the next closest strain, Ames
Ancestor by 38 SNPs (blood 10 copies) to 100 SNPs (soil 10 copies).0
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Fig. 9. Number of SNP differences between each genome and the array calls for the Sterne DN
k25mer_ISOdG probes are shown, since for each probe design strategy and 10 or more copy spi
bridized Sterne DNA.4. Discussion
In this study, we developed a whole genome SNP microarray to
characterize various strains of B. anthracis, and evaluated multiple
probe design parameter for sensitive and accurate SNP detection. Our
results indicate the percentage of correctly called SNPs was 99.86%
and the call rate averaged 99.52% for the best probe design strategy of
k25mer_ISOdG. Thus, the best strategy was to elongate the kSNPs
identiﬁed with k = 25 to a length 32–40 bp so as to equalize ΔG,
and to include probes for all sequence variants outside the conserved
12 bases 3′ to the SNP (outside the 25-mer which speciﬁes the allele).
Median probe length was 39 bases for this strategy in the AT rich
B. anthracis genome. Highly accurate SNP calls were possible in complex
soil and blood backgrounds when B. anthracis was present in at least
1000 copies, andmoderately accurate SNP callswith as little as 100 spiked
copies. The closest genome (fewest SNP differences) to the spiked in
strain was correctly identiﬁed by all probe design strategies and con-
centrations, even down to 10 spiked copies.
Although the SNP position at the 13th base from the 5′ end of the
probe in the 37mer_trim5PendBy5 (strategy 4) was the same as in the
best k25mer_ISOdG (strategy 1), the uniformly short probe length of
32 bases resulted in lower accuracy, so SNP position in the probe ap-
pears to be less important than probe length. Trimming probe lengthSterne
AmesAncestor
Ames
A0488
A0465
A0442
A0193
A0174
Sterne
AmesAncestor
Ames
A0488
A0465
A0442
A0193
A0174
A spiked at 0–10,000 copies into blood (A) or soil (B) backgrounds. Only the results for
ke-in levels the Sterne genome had the fewest SNP differences from the array calls for hy-
310 S.N. Gardner et al. / Journal of Microbiological Methods 94 (2013) 303–310down from k = 37 or 39 to aim for equalized ΔG (strategies 5 and 7)
performed worse than keeping the full length as there appeared to be
a slight decrease in accuracy. Therefore, longer probes were more im-
portant than SNP position or equalizing ΔG for accurately calling SNP
alleles in these tests.
The ﬂexible design speciﬁed by the k25mer_ISOdG strategy allows
probes at the shorter end of the 32–40mer range for high GC% organism
like Burkholderia. Equalizing ΔG for B. pseudomallei SNPs (unpublished
data) resulted in probes with a median length of 32 bases. So if ﬁxed
length probes must be used due to array synthesis constraints or com-
putational limitations in calculating ΔG, one might tailor the length
based on the GC% of the genome. We note this optimal length range
for SNP discrimination is shorter than the 50–60 bp that we have
found to be appropriate for organism detection (Gardner et al., 2010),
in which sensitivity rather than mismatch distinction is the aim.
Affymetrix arrays contain probes uniformly 25 bases long, so
length optimization to equalize free energy or Tm across probes is
not possible. The call and concordance rates for our best design strategy
were slightly higher than reported for Affymetrix SNP arrays from sever-
al sources (call rate, concordance rate): 98.6%, 99.5% (http://www.
affymetrix.com/browse/products.jsp?navMode =34000&productId =
prod100002#1_1); 98.2%, 94.1% (Yang et al., 2009); 95.1%, 99.8%
(Di et al., 2005). However, our shortest probe design strategies with
probes uniformly 32 bases performed worse than Affymetrix SNP ar-
rays. Differences in hybridization conditions between NimbleGen and
Affymetrix arrays, extensive downselection to include only the best
performing SNPs on Affymetrix arrays for the calculation of these
rates, and higher probe density allowing 14–20 replicate probes on the
Affymetrix arrays must allow more successful hybridization than we
were able to obtain with the shortest, suboptimal probes. Naef et al.
(2002) found that in the Affymetrix GeneChip system, mismatch SNP
probes bound better than their perfect match counterparts in approxi-
mately 30% of match-mismatch probe sets, making the high probe rep-
licate counts essential for accurate SNP typing.(Naef et al., 2002)
Therefore, we have found that optimal probe design using slightly lon-
ger probes enables us to use only 1 replicate per probe, enabling us to in-
clude more SNP loci in a given microarray format.
In future work, we would like to test the capability of microbial SNP
arrays to determine if amixture of strains is present, andwhetherminor
variants can be distinguished. This is a challenging problem, and is a
case where sequencing rather than arrays may be required.
In conclusion,we identiﬁed an optimal probe design strategy for SNP
detection using arrays and veriﬁed that arrays can deliver high accuracy
and call rates with the right probe design method. While SNP arrays
cannot replace full genome sequencing for SNP discovery, low frequen-
cy variant detection, or analysis detail, SNP arrays are a low cost, rapid,
low effort alternative for making accurate allele calls on 1000's of SNP
loci in a single assay, allowingnumerous unsequenced samples to be ge-
notyped at a fraction of the cost, time, and effort of sequencing. Our data
indicate that arrays can call more SNP loci and at higher accuracy than
draft sequencing and assembly, and that they can accurately call SNPs
in complex backgrounds like soil and blood when enough copies of the
target organism are present.
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